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ABSTRALCT
The DNA seguence of the protective antigen gene from

Bacillus anthracis and the 5’ and 3’ flanking sequences weare

determined. Protective antigen is one of three proteins
comprising anthrax toxin. The open reading frame is 2319 base }
pairs (bp) long, of which 2205 bp encode the 735 amino acids of

the secreted protein. This region is preceded by 29 codons,

TS AT 4 S M S 4 G A A AT A et . e P\ - A o n

which appear to encode a signal peptide having characteristics in
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common with those of other secreted proteins. A consensus TATAAT
seq. 2@ was located at the putative -10 promoter aite. A
Shine-Dalgarno site similar to that found in genes of other
Bacillus sp. was located seven bp upstream of the ATG initiation
codon. The codon usage for the protective antigen gene reflected
the high A + T (69%) base composition. The TAA translation stcp
codon was followed by an inverted repeat forming a potantial
termination signal. 1In addition, a 192-codon open reading frame

of unknown signi€icance, theoretically encoding a 21.6 kiiodalton
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protein, preceded the 5’ end of the protective antigen gene,
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Bacillus anthracis is an important pathogen of animals and
of people exposed to infected animals or their products. It can
cauce cutaneous anthrax, gastrointestinal anthrax, and an often
fatal systemic pulmonary form of the disease (13, 21, 22). The
two major virulence factors of 8. anthracis are a poly-D-glutamic
acid capsule and "anthrax toxin."™ DNA functions controlling
“oxin and capsule production are carried on B. anthracis plasmids
pX01l and pX02, respectively (10, 31). The toxin is composed of
three separate proteins, protective antigen (PA), edema factor
{(CF), and lerhal factor (Lri;i Tﬁé thfeérﬁﬁbteins afe nontoxic
alone., However, PA in combination with LF causes death in rats
(2), and PA combined with EF produces edema in the skin of guinea
pigs and rabbits (21, 22). 1In addition to mediating the toxic
effects of LF and EF, protective antigen induces immunity to
infection and is the major component of the currently licensed
human vaccine (13, 14, 21, 23, 41).

In order to understand the role of PA in the pathcgenesis of
disease and the induction of protective imaunity, the DNA
encoding PA has been cloned and sequenced. All three of the
toxin proteins are encoded by the 176-kilobase pair (kb) plasmid
pXol (31, 35, 42). Vodkin and Leppla (42) first reported the
cloning of the PA gene in Escherichia coll. The gene was
contained in a 6~kb BamHl fragment of pXOl cloned into plasmid
pBR322, Full-size, biologically active PA was produced. The
Bacillus promcter was present but expression of the gene by the

recombinant plasmid (pSE36) in E. coli was low,
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In a recent study, we subcloned the 6-kb insert of pSE36
into the plasmid vector pUBl11l0 and transformed 8. subtilis with
the recombinant ONA (14). Two recombinants were isolated which
produced large amounts of full-size PA despite the presence of
deletions in the 6-Kb insert of approximately 2.7 kb and 3.4 kb,
respectively. In vitro concentrations of PA produced by the
recompinants were §imilar or greater than those sbserved with _—
B. anthracis (14). Protective antigen, a protein of approx-
imately 85 kilodaltons (kDa) by sodium dodecyl sulfate
polyacrylamide gel electrophcoresis (SDS-PAGE) (14, 21, 42),
requires a coding region of 2 - 2.5 kb.

The purpose of the present study was to map and sequence the
coding region of PA. Partial digestion and religation of plasmid
pSE36 (which has the 6-kb insert) yielded a .saller derivative
plasmid, pPA26, which contains a 4.2-kb insert encoding full-size
PA. In this report, the nucleotide sequence of this insert ang

analysis of the PA coding region are presented.
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MATZRIALS AND METHCDS
Bacteria and plasmids. Isolates of £. coli K12 strain
HB101l, transformed with pSE36 or pPA26, were the sources of
plasmid DNA; and strain JM103 (29) was used to propagate M13
phage derivatives. _
Subcloning and dntcctioh of PA-producing reccexmbinants. The
isolation of recombinant £. coli (pSE36) has beesn described
(42). Briefly, pSE36 consists of plasmid pBR322 with a 6-kb
Bamil frag-esnt encoding the PA protei. from plasmid pXCl of
B, anthracis. 7To obtain deyivatives having smaller insert DNA,
plasmid pSE36 DNA was partially digested with #indIII and
religated. £E. colJ strain HB101l was transformed with the plasmid
DNA, and recombinants were tested for the presence of the PA gene
by imrunological assay (42). The site and kiological activity cf
PA produced by the recombinants were tested by a Western blot

procedure and the CRO celi elongation assay, respectively (14,

Isolation of DHA. Plasmid pPA26 DNA was prepared from
cleared lysates by ultracentrifugation in cesium chloride/eth-
idium bromide gradients according to methods described by
Maniatis et al (25). The DNA vas digested simultanecusly with
HindIIl and BamHlI, anc the 4.2-kb insert encoding PA was isolated
as a 2.2-kb HindIIl and 2.0~kb HimdIII-Bamil fragment (Fig. 1).
The DNA fragmants were purified by preparative gel

electrcphoresis, the bands excised, and the DRA extracted with

phenol for cloning in M13.
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Nucleotidas sequence analysis. The twe fragments were each
cloned into phages M13mpl0 and M13mpll, and the didecxy chain
termination method (30, 33) was used to sequence the
DNA. Initially, data were ccllected by using the universal primer
(Pharmacia P-L Bicchemicals, Piscataway, N.J.). Using these data,
we synthesized oligonuclectide primers 18 nucleotides long to
collect each additional data segment (37). The oligonuclaotides
were prepared by cthe phosphoramidite method (Applied Bicsystems,
Foster City, Calif.). The products of the sequencing reactions
were separated in 7% denaturing polyacrylamide gels, and data
read from the autoradiograms were compiled and relded by using
the GEL preYvam in the IntelliGenetics Molecular Biology software
package (IntelliGenetics, Inc., Mountain View, Calif.).

Enzymas and reagents. Restriction endonucleases we:re
purchased from International Biotechnolgies, Inc. (New Baven,
Conn.) and Bethesda Research Laboratories (Gaithersburg, Md.) and
were used as recommended by the suppliers. T4 DNA ligase and
deoxynucleoside and dideoxynucleoside triphosphates were from
Pitarmacia P-L. Klenow fragment was purchased from Boehringer
Manaheim Biochemicals (Indianapoulis, Ind.), and
a-22p-deoxynucleoside triphosphates (300 - 800 curies/mmole, 11.1
- 29.6 TBq/mmo.e) were from Amersham (Arlington Heights, Ill.).

Compriter analysis of DNA sequsnce and protein secondary
structure. The sequence in pPA26 of B. anthracis DHA was
analyzed by several computer software packages. The MOLGENJR

programs (J. R. Lowe, Fed., Proc. 4%5:1582, 1986) were run cn an
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IBM-PC nicrocomputer to confirm experimental restriction enzyme
cleavage patterns, deducs cpen reading frames, and translate the
primary DNA sequence intu amino acid 3equences. Other programs
from the MOLGENJR package were used to examine the translated
peptide sequences, calculate codon usage and pulypeptide
molecular weights, and plot hydropathy and secondary structure
histograms. We used a VAX 750 minicomputer. executing program
SEQ in the IntelliGenetics Molecular Bioclogy software package, tc
search for regions of dyad symmetry and to calculate free
energias of base pairing in pctential DNA hairpin secondary
structure. Other unpublished programs and algorithms were used
to search for potential activation sequences (ENHANCE2.M5B) and
ignificant open reading frames (ORFREAL.MSB) and to create
condensed, dot-matrix hydropathy and secondary structure

histograms {AGNAKDCF.MSB). These are available from J.R. Lowe.
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RESULTS AMND DISCUSSION

Cloning cf tha PA gana and gequencing strategy. The
Protective Antigen gene of 8. anthracis was originally cloned
into pBR322 as a 6-kb insert (42). Digestion and religation of
the recombinant plasmid pSE36 yielded a smaller plasmid with a
4.2-kb insert (pPA26), which retained the PA gene (Figure [A).
E. coll transformants of pSE36 and pPA2€ both produced proteins
of about 83 kDa on SDS-PAGE which reacted specifically with
anci-PA antibocdy on Western blot analysis and were biologically
active in the CHO cell elongation assay (20; data not shown). To
determine the location ard diraction of transcription ot the PA
gene, the 4.2-kb insert was excised, digesated with KindITI and
Bamil into ¢wo fragments of 2.0-kb and 2.2-kb, and sequenced as
indizated in Figure 13 and 1C.

Nuclaotide ssguence analysis - PA.

_ (i) Open reading frams. The nucleotide sequence of the PA
proteir is shown in Figure 2. Analysis of the sequence revealed
an open reading frama 2319 base pairs (bp) long. The structural
gena for tlie mature protein began at nucleotide 1891, coding for
a glutamic acid residue, and the transliated sequence was in
agreement with both the N~terminal amino acid sequence and the
amino acid composition determined previously. The coding region
ror this portion of the PA gene was 2205 bp long, enceding a 735~
amino acid protein with a theoretical molecular weight cf 82,684
daltons. The size of the mature PA protein as detarmined by

sequence analysis was similar to that astimated by SDS-PAGE
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analysis of PA from Bacillus culture supernatants, 83 -~ 85 kDla

(14, 21, 42). The final resiaue of the coding region /glycine)

IR A TR RN N YTt Y

was foliowed by the consensus TAA stop codon (nucleotide 4094).
Thusg, as indicated in Figure 1C, all except the N-terminal 53
amino acids were encoded within the 2.0-kb AIndIII-BamHI fragment

at the 3’ end of the 4.2-%b B. anthracis insert. This location

RS - PP

of the gene at the end of the insert confirms the pasition of the

PA gene mapped in recently isolated B, subtilis recombinants

3

{(14). 1In that study, cloning of the B, anthracis insert into
B, subtilis (pUB110Q) yielded two plasmid recombinants with
deletions at *he 5’ end of the insert. The smaller racombinant
plasmid retained just 2.6-kb of DNA at the 3' end of the PA
insert but produced full-sized, functional PA (14).

Preceding the sequence encoding the 83 kDa PA protein
{starting at nucleotide 1891) were two ATG codons in phase with

the open reading frame, at aucleotides 1834 and 1804. Similar to

A R e .
PRI S Y A ) T S T e e,

other Bacillus proteins, PA is a secreted protein and is probably

r‘

h synthesized as a precursor having a signal peptide. The

§ methionine codon at nucleotids 1804 zppears to be the likely
»

; starting point for translation. It would initiate a sequence
-

. having several characteristics in common with other Bacillus
g si¢gnal sequences that have been identified. The 29-residue

E peptide that would be encoded is typical of the size of other
-

Q Bacillus signal sequences (3, 17, 19, 31, 44; 46). Also, the
S

M positively charged, N-terminal five amino acids

Y

3 (Met~Lys-Lys-Arg-Lys), the hydropnobic central region (residues §
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to 21), “e termiral alanine residue are characteristic of
bacterial signal pé;tides (3, 17, 19, 31, 44, 4e6).

(1i) Transcription and tranalation regulatory zegicna. A
putative Shine-Dalgarno riboscmal binding site, indicated in
Figure 2, is located seven bp upstream of the ATG ccdon at
nucleotide 1804. The sequence >f this site, AMRACGAG, and the
distance separating it from the initiation coden, closely

resemble the characteristics of the Shine-Dalgarno sites reported

oo .,a‘i’)‘lm:':":"u; e .

for several other Bacillus sp genes (5, 26, 33, 43, 46). The

1 Shine-Dalgarnc seguence has a calculated binding energy with

8. subtilis 165 rRNA of -14.0 kcal/mole (1, 27, 43). Possible

! promotor sequences are underlined in Figure 2. The putative RNA
! polymerase recognition site (TATAAT) at nucleotide 1764 is
identical to the £. coli and B8, sﬁbtiljs ¢** -10 consensus
sequences. The 6-base sequence starting at aucleotide 1738, and
separated by 20 bp from the -10 site, resembles the conserved -35
site of £, ~oli and tha -35 site reported for genes of gram
positive organisms (36). The optimal distance between the -10
and -35 RNA polymerase recognition regions in B. anthracis genes
is unknown. In £. coli, these sequences are separated oy 16 to

29 bp, with 17 being the most frequent and resulting in maximal

promoter strength (36). Bacillus promoters, especially those
recognized by o*“?-containing RNA polymerase, are often similar in

their sequence and spacing to £. coll promoters; however several

different promoter sequences have been identified (8, 15, 43,

f 44). Also, distances between the two promoter regions as long as
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21 bp have been reported for othér sequences, e.g. the pertussis
toxin gene (24). In vitro and in vivo transcription analyses
will be necessary to locate the precise promoter region for the
PA gene. An inverted repeat forming a potential termination
structure was located 3’ of the translation stop codon as shown
in Figure 3A. The putative hairpin structure contained 19
complementary nucleotide pairs and two T-G mismatches between
nucleotides 4142 and 4188. The structure had a strong predicted
free energy of base-pair formation (AGe = -22.2 kcal/mole).

We observed three additional regions forming potential
stem-and-loop structures, which showed significant probabilities
and negative free energies of formation. The sequence from
nucleotides 868 to 926 (Fig. 3B), was inside the 192-codon open
reading frame and had a strong calculated AGe of -25.4 |
kcal/mole., The second reaion of dyad symmetry (Fig. 3C), from
nucleotides 1263 to 1346, had a predicted AGes = ~19.6 kcal/mole.
The third region (Fig. 3D) spanned the PA promoter from
nucleotides 1722 to 1779 and had a predicted AGe = -15.8
kcal/mnle. 1If any or all of these regions is recognized as a
transcriptional terminator in £. coli, their presence could
possibly explain the low PA expression from the original clones
(5 - 10 ng PA/ml) (42).

(iii) Base composition and ccden usage. The base

composition c¢f the coding strand of the PA gene was: A = 39%, T
30% (A + T = 69% of total), G = 17%, C = 14% (G + T = 31%). The

codon usage is shown in Table 1. There was a preference for A
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and T at tue third position in the codons, which might reflect
the high A + T content. The codon usage was similar to that of
another Bacillus gene of plasmid origin, the crystal protein
toxin gene of the related species B. thuringiensis (39). A major
difference between the two codon profiles was the lack of
cysteine residues in PA. The codon usage in the PA gene differed
from that in genes for toxins and other proteins produced by
other gram-positive and gram-negative bacteria (Tabhle 1 and data
not shown).

Analysis of protein structure fzrom the nuclectida sequencs.
The prediction of the amino acid sequence of PA and the deduction
of protein structural information were performed by algcrithms of
the computer programs described above (J. R. Lowe, Fed. Proc.
45:1582, 1986 and other unpublished programs). The algorithms
used to predict the hydropathic profile and the protein secondary
structur2 ara based on the methods of Kyte and Doolittle (18) and

Chou and Fasman (4), respectively. These predictions are shown

in Figure 4. The amino-terminal portion of the putative signal
peptide is hydrophilic, whereas the central core was hydrophobic,
as expected from ccmparisons with similar analyses of other
proteins with confirmed signal sequences (data not shown).
Regions of the sequence upstream of the PA gene. Other
opan reading frames, in addition to the longest one of 2319 bp
encoding PA, were found in the 4.2-kb sequence. The only open
reading frame at least 100 codons long was a 576-nucleotide

sequence (ORF1l) beginning with an ATG at position 416 upstream of
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the PA gene. The 192-codon open reading frame encodes a
polypeptide with a calculated Mr of 21,610 daltons. The codon
usage of the translated region is similar to that observed for
the PA gene (Table 1). A computer analysis (ORFREAL.MSB) of this
open reading frame according to tne method of Fickett (7)
calculated a 92% coding probability. A similar analysis of the
PA coding region also gave a 9% coding probability. Potential
-10 and -35 RNA polymerase recocnition sites, but no consensus
Shire-Dalgarno site, on the 5’ side of the cryptic open reading
frame were identified. The open reading frame terminated with &
TAG stop codon., Figure 5 is a hydropathy plot and secondary
structure analysis of the putative protein. The sequence does
not appear to encoede a signal peptide but does have an
interesting carboxy termiaus rich in hydrophobic residues
embedded in a region with a high probability for B-sheet
structure. This suggests that the protein could be membrane-
bound at its carboxy terminus. The significance of this putative
gene is unknown and awaits analysis of expression experiments
using the cloned plasmid DHA.

The availability of the complete nucleotide sequence of the
PA of B, anthracis will serve several useful purposes. For
example, the promoter sequenca of PA can k9 probed by
promoter-proving vectors and the sequence altered by
sité-specific mutagenesis. Thus, enhanced proauction of cloned
PA in the B. subtilis or E. coli hosts will become feasible.
Also, specific mutagenesis of the PA coding region could be done
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to: (1) produce immunogenic, biologically inactive crosg-reactive

proteins for vaccine studies (13, 23, 41); or (2) examine the

role of different domains of PA on binding to target cell ‘ 3

membranes and to the EF and L¥ components of anthrax toxin (9,

20, 32). Finally, segments of the PA nucleotide sequence will be ﬁ

used as probes to examine the genetic organization of PA in

variant strains of B, anthracis (23,41).
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YIGURE LZCINDS
FIG. 1 - Construction of plasamid containing the PA gerie and
sequencing strategy.

(A) Plasmid pPA26 was constructed from pSE36 oy partial
HindIll digestion. The 4.2-kb AindIII-Barfil portion of the
plasmid (open box) contains tlie PA qgene. The distances (in kb)
between the BamHi (B) and HirdIII (H) sites are indicatmd; EcoRI
sites (E) are included.

(B) To sequence this insert, pPA26 was digested with BZamHI
and HindlIZ. The 2.2-kb AindIII and 2.0-kb AindIII-Bamil
fragments were isolated and cloned into M13 mpl0 and mpll. (C)
The arrows indicate the direction and extent of sequencing of the
DNA fragments, totalling 4233-kb. The hatched bar indicates the

structural gene for the mature PA protein.

FIG. 2 - Nuclaotide and amino acid sequence of the PA gene and 5’
and 3’ flanking sequences. The sequence shown corresponds to
nucleotides 1 ~ 4235 on the map in Fig. 1. Restriction
endonuclease sites described in Fig. 1 and in the text ire
indicated. The presumptive -35 and ~1G sequennes, and Shine-
Dalgarno ribosomal binding site (rks! of the PA gene and of the
potential 192 nucleotide open reading frame are undarlined, as
are the translation stert (ATG) and stop (TAG, TAA) codons.
Arrows above the nucleotide sequence indicate initiation of
translation of the potential open reading frame upstream of the

PA gene (ORFl) &nd of the signal sequence (SIG) and mature
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protein (MAT) of the PA gene. The 29-residue signal peptide is
underlined. The translated amino acid sequences of the 192
nucleotice open reading frame and the PA gene, only, are shown.
The potential stem-loop termination structure flanking the 3’ end
of the PA gene, and the three palindromic sequences on the 5
side of the PA gene are indicated by dashed lines between outward

pointing arrowheads above the sequences.

FIG. 3 - Pogsible stem and locp structures found in the upstream
and downstream sequences from the FA gene a.d in the putative
peptide coding regien. Numbering corresponds with that of Fig.
2. The calculated free energies of these conformations were (A)
AGe = =-22.2 kcal/mcle, (B) AGe = -25.4 kcal/mole, (C) AGe =
-19.6 kcal/mole, and (D) AGe = -15.8 kcal/mola,

FIG; 4 - Combination hydropathy/secondary structure plot of PA.
The lefr margin contains the amino acid sequence of PA. Residue
numbers are scaled on the right ordinate. The abscissa units are
hydropathy values. Cot positions cn the left portion of the plot
indicate the most probable seccondary struéture feature predicted.
Headings are H for helix, S for P-sheet, T for B-turn, and R for
random coil. Region A is the bydrophobic signal sequence with
its highly charged amino termirums. Regione B-J are potential
antigenic sites in the sequence. Dot-matrixz output was computer-

generated with program AGNAKDCF.EXE. Algorithms developed
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according to the schemes of Kyte and Doolittle ('8} and Chou and

Fasman (4).

FIG. 5 - Combination hydropathy/secondary structure plot of the
putative peptide. Plot organization and generation are the same
as described in Figure 4. Region A is a long, highly hydrophobic

28-residue sequence with mostly B-sheet structure predicted.

Regions B-D are potential antigenic sites in the sequence.
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Kyte—Doolittle Mydropathic Analysis of 744 Residus Pclypeptide
from PA
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Kyte-Doolittle Hydrcpathic Analysis of 192 Rasidue Polypeptide :
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pable 1. “Amizn Acid Composition of PA and Codon Uzage Compariscas®
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Phe QOO 79.2 7.8 9 98.7 8.9 85.7 0.0 66.7  100.0
4 Tue 0.8 22.2 4.1 4.3 21.1 4.3 100.3 33.3 0.0
Pro  CCU 1.0 50.0 33.9 41.2 39.1 42.9 0.0 1.7 66.7
29 cC 10.3 0.0 3.4 5.9 13.0 14.3 18.2 23.1 0.0
ca 379 50.0 42.9 7.1 26.1 2.9 18.2 53.8 33.3

e 200 0.0 17.9 5.9 2.7 ¢.0 63.6 15.4 0.0

Ser WU 30.5 1.4 19.8 45.7 7.8 4.8 0.0 26.3 2.2
17 W 4.2 0.0 15.1 2.2 7.4 0.¢ 30.0 15.8 0.0
vaa 20.8 35.7 7.9 23.9 13.0 12.5 1.0 1.6 1.3

xE 9.7 1.1 1.0 2.2 18.5 18.8 20.0 5.3 11.1

AT 3.9 14.3 22.1 17.4 13.0 18.8 0.0 10.5 3.3

AC 2.8 21.4 8.1 8.7 0.4 6.3 50.0 10.5 0.0

Thr AU 32.8 33.3 28.4 3.3 +J.0 64.3 5.9 1.7 30.0
58 MC 10.3 1.1 16.2 16.7 20.0 0.0 7.1 16.7 10.0
aaa 3.9 35.6 1.1 50.0 23.3 14.3 5.9 L. 40.0

MG 3.0 0.0 24.3 0.0 18.7 AN 1.2 0.0 20.0

Tp OG6 100.0  100.0  100.0  100.0  100.0  100.¢  100.0  100.0  100.0

7

Tyr W0 78.6 8i.8 76.9 88.2 72.2 1.3 2.1 13.9  100.0
28 UAC 214 18.2 23.1 11.8 2.8 2.1 5.9 26.1 0.0
vai. &® 279 52.6 25.9 2.9 36.2 2.1 9.1 63.6 3.3
3 ¢ 47 8.0 14.8 0.0 12.8 $.3 54.5 5.1 16
G 39.5 42.1 0.7 50.0 .9 1.6 18.2 18.2 0.0

66 219 5.3 18.5 1.1 19.1 1.1 18.2 9.1 0.0

Mr 85787 21610 133047 65300 60753 31433 24989 29862 13609

swithin-group percentage codcn usage calculated with MOLGENJR software pack: je (J. R. Lowe, Fed, Proc. 45:1582, 1386).

®The following genes from the species listed were examined.
B.a. PA = facillus anthracls protective antigen gene

B.a. ORF] » PBacillus anthracis nypothetical protein gene 1 on pX0l plasmid
B.t. Cry Pro = Bacillus thuriogiensis crystal protein gene (39)

C.t. TetTox = (lostridium tetasi tetanus toxin gene (6)

C.d. DTox = Corynebacterium diphtheriae diphtheria toxin gene (11)

S.a. EntB = Staphylococcus aureus enterotoxinn B gene  (16) )

B.p. PToxS] = Bordetella pertussis pertussis tonin S3 binding subunit gene (24)
E.c. Toxh = fscherichia coli heat-labile enterotoxin A gene (45)

v.Cc. CTxA = Vidrio ctolerae cholera toxin alfa subunit gene (28)

stotal number of specific amino acid residues deduced from piotective antigen gene,




